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POWER SUPPLY SYSTEM, CONTROLLER
THEREFOR, AND METHOD OF
MANUFACTURE OF CONTROLLER

TECHNICAL FIELD

The present invention relates to a power supply system, a
controller for the power supply system, and a method of
manufacturing the controller, the power supply system
including multiple power supplies connected in parallel.

BACKGROUND ART

The power supply system including multiple power sup-
plies connected in parallel requires balancing of load currents
in the power supplies in operation. In this respect, many
proposals have been made for methods of balancing the load
currents (For example, see Patent Literature 1 and 2).

In addition, Patent Literature 3 and 4 disclose power supply
systems in which the number of power supplies in operation
is changed depending on the load current so as to enhance
conversion efficiency.

In these power supply systems, a load current 1,,,,; of a
power supply system is divided by a maximum rated current
1oaz4x 10 individual power supplies, the result of the division
is rounded up, and the value thus obtained is determined as the
number of required power supplies in operation. According to
this scheme, when the load current (an average value) of the
power supplies in operation reaches the maximum rated cur-
rent 1,,,,5, the number of power supplies in operation is
increased by one.

CITATION LIST
Patent Literature

PTL 1: Japanese Patent Application Publication No. 2007-
104834

PTL 2: Japanese Patent Application Publication No. 2007-
143292

PTL 3: Japanese Patent Application Publication No. Hei
11-127573

PTL 4: Japanese Patent Application Publication No. 2009-
159691

SUMMARY OF INVENTION
Technical Problem

The maximum rated current (I,,,,5) described above is a
value corresponding to the highest conversion efficiency in
the individual power supplies (in the case of Patent Document
4, see FIG. 7), or if not, is a value corresponding to a high
conversion efficiency close to the highest.

In the conventional scheme of the power supply system, as
soon as the load current (average value) of power supplies in
operation reaches the maximum rated current (I,,,,+), the
number of power supplies in operation is increased by one. In
this scheme, the conversion efficiency of each power supply is
lowered, that is, the conversion efficiency of the power supply
system is lowered, as the number of power supplies in opera-
tion increases. As described above, the conventional power
supply system has a problem that the conversion efficiency is
lowered when the number of power supplies in operation is
changed.

Under these circumstances, an object of the present inven-
tion is to provide a power supply system, a controller thereof
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and a method of manufacturing the controller which are
capable of changing the number of power supplies without
lowering the efficiency.

Solution to Problem

To solve the above problem, the present invention includes:
7 (z is a natural number equal to or larger than 2) power
supplies connected in parallel; and an operating number con-
troller which controls the number of the power supplies in
operation. The operating number controller is configured to
determine the number of the power supplies in operation
based on intersection currents i, to i, ,, which are determined
through processes of: identifying loss characteristics with
respect to load currents of the z power supplies by use of
respective convex functions f1 to fz; obtaining a function h,,
expressing a conversion efficiency of a total load current at the
time of operating the n (n is a natural number equal to or
smaller than z) power supplies based on the functions f1 to fz;
and obtaining an intersection current i, (q is a natural number
equal to or smaller than (z-1)) which is a current of an
intersection point between a function h, and a function h,, .
(Greek letter eta is replaced with h.)

The operating number controller includes, for example, an
intersection-current-value storage element which saves the
intersection currents i, toi,_,, and a current detection element
which detects the total load current. The operating number
controller determines the number of the power supplies in
operation by comparing the total load current detected by the
current detection element with a corresponding one of the
intersection currents i, to i,_,, saved in the intersection-cur-
rent-value storage element.

The operating number controller is, for example, config-
ured to determine the number of power supplies in operation
as: 1 in a case of i<i,; q+1 in a case of

ig<isic,_1y [Math.0-1]
or z in a case of i, ,y<i, or determines the number of power
supplies in operation as: 1 in a case of

iiy; [Math.0-2]
g+1 in a case of

igsisiog, 1y [Math.0-3]
or z in a case of

i1y=t, [Math.0-4]

where 1 denotes the total load current detected by the current
detection element.

The operating number controller may include: a threshold
generation element which outputs, based on a corresponding
one of the intersection currents i, to iy, ,,, a threshold i;;=i;_
n/j for decreasing the number of power supplies in operation
( is a natural number of 2 to (z-1)), a threshold i =1 /j for
increasing the number of power supplies in operation, a
threshold i, =i, for increasing the number of power supplies
in operation or a threshold i, =i, , /z for decreasing the num-
ber of power supplies in operation (provided that i, ; does not
exist or is zero, and i,,, does not exist or is a value exceeding
a maximum value in each of allowable load currents of the z
power supplies); a number storage element which stores the
number n of the power supplies in operation; and a current
detection element which detects a load current of one of the
power supplies in operation. The operating number controller
compares a value of the load current detected by the current
detection element with the threshold i,,; or i, When the
value of the load current detected by the current detection
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element is equal to or lower than the threshold i,,;, the oper-
ating number controller changes the number of the power
supplies in operation to (n-1), or when the load current
detected by the current detection element is equal to or higher
than the threshold i, the operating number controller
changes the number of the power supplies in operation to
(n+1).

The convex functions fl to fz are, for example, each an
even-ordered polynomial with respect to the total load cur-
rent. The convex functions fl to fz are each substantially
equal to a single quadratic,

Py=ai,>+bi +c [Math.1]

where P, denotes a loss of a load current i,, of a power supply,
a, b and c are constants, the threshold i,; is obtained by
replacing z in the following expression with z=(n-1), and the
threshold i, is obtained by replacing z in the following
expression with z=(n+1),

[Math. 2]

¢z
an

All of the convex functions fl to {z are, for example,
substantially equal to a single quadratic polynomial with
respect to the load current. In this case, the operating number
controller may include: a number storage element which
stores the number n of the power supplies in operation; a
current detection element which detects a load current of one
of the power supplies in operation; a square element which
squares an output signal of the current detection element; and
threshold generation elements which respectively give a
threshold V,,,=K*((n-1)/n) for decreasing the number of
power supplies in operation (K is a positive constant) and a
threshold V,,,~K*((n+1)/n) for increasing the number of
power supplies in operation. The operating number controller
decreases or increases the number n of the power supplies in
operation by comparing the output of the square element with
a threshold V,,; or a threshold V,, ..

The threshold generation elements may include non-in-
verting amplifier circuits each including: an operational
amplifier; a constant voltage source which applies a constant
voltage to a non-inverting input terminal of the operational
amplifier; a fixed resistor which is connected between an
output terminal of the operational amplifier and an inverting
input terminal thereof and which has a resistance Rd; and a
variable resistor circuit which is connected between the
inverting input terminal of the operational amplifier and a
reference potential point and which changes a resistance
based on the number n of power supplies in operation.

In the each of the non-inverting amplifier circuits, the vari-
able resistor circuit is formed as a serial circuit including a
resistor which has one end connected to the output terminal of
the operational amplifier and which has a resistance Rd and
resistors which have a resistance (n-1)*Rd based on the num-
ber n of power supplies in operation, the threshold V,,,; for
increasing the number of power supplies in operation is out-
putted from the output terminal of the operational amplifier,
and a potential at a connection point between the resistor
having the resistance Rd and the resistors having the resis-
tance (n-1)*Rd is outputted as the threshold V ,,; for decreas-
ing the number of power supplies in operation.

The variable resistor circuit of the each of the non-inverting
amplifier circuit is configured to include: z resistors con-

10

15

20

25

30

35

40

45

50

55

60

65

4

nected in series between the inverting input terminal of the
operational amplifier and the reference potential point and
which have a resistance Rd; (z—1) switching elements which
change the number of the resistors connected in series in the
serial circuit having the z resistors; and a decoder which
controls turning-on and turning-off of the (z-1) switching
elements on a basis of the number n of power supplies in
operation, thereby forming the serial circuit including the
resistor having the resistance Rd and the resistors having the
resistance (n—1)*Rd.

The operating number controller may be configured to
provide a maximum hysteresis error to the intersection cur-
rents or the thresholds based on the intersection currents in
order to determine the number of the power supplies in opera-
tion.

The operating number controller may be configured to
prohibit changing of the number of the power supplies in
operation for a predetermined time after the number of the
power supplies in operation is changed. Step-down type
switching power supplies are, for example, used for the power
supplies.

The present invention also provides a controller in a power
supply system including z (z is a natural number equal to or
larger than 2) power supplies connected in parallel. The con-
troller is configured to determine the number of the power
supplies in operation based on values of intersection currents
i, to i, ;, which are determined through processes of: identi-
fying loss characteristics with respect to load currents of the
z power supplies by use of respective convex functions fl1 to
fz; obtaining a function h,, expressing a conversion efficiency
of a total load current at the time of operating the n (n is a
natural number equal to or smaller than z) power supplies
based on the functions f1 to fz; and obtaining an intersection
currenti, (qis a natural number equal to or smaller than (z-1))
which is a current of an intersection point between a function
h, and a function h,, ;. (Greek letter eta is replaced with h.)

The controller may include an intersection-current-value
storage element which saves the values of the intersection
currents i, to i,y and a current detection element which
detects the total load current. In this case, the number of the
power supplies in operation is determined by comparing the
total load current detected by the current detection element
with a corresponding one of the intersection currents i, toig,
saved in the intersection-current-value storage element.

The controller is configured to determine the number of
power supplies in operation as: 1 in a case of i<i;; q+1 in a
case of

ig<isic [Math.0-1]
or z in a case of i, ;,<i; or determines the number of power
supplies in operation as: 1 in a case of

isiy; [Math.0-2]

g+1 in a case of
1gSi<iig 1y [Math.0-3]

or z in a case of
[Math.0-4]

IoySis
where 1 denotes the total load current detected by the current
detection element.

The controller may include: a threshold generation element
which outputs, based on a corresponding one of the intersec-
tion currents i, to i, a threshold i;,=i,_,/j for decreasing
the number of power supplies in operation (j is a natural
number of 2 to (z-1)), a threshold i,,~i,/j for increasing the
number of power supplies in operation, a threshold 1, =i, for
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increasing the number of power supplies in operation or a
thresholdi ;=i ,/z for decreasing the number of power sup-
plies in operation (provided that i, ; does not exist or is zero,
and i, does not exist or is a value exceeding a maximum
value in each of allowable load currents of the z power sup-
plies); a number storage element which stores the number n of
the power supplies in operation; and a current detection ele-
ment which detects aload current of one of the power supplies
in operation. The controller compares a value of the load
current detected by the current detection element with a
threshold i,,; or i, and when the value of the load current
detected by the current detection element is equal to or lower
than the threshold i,;, the controller changes the number of
the power supplies in operation to (n-1), or when the load
current detected by the current detection element is equal to or
higher than the threshold i, ,,, the controller changes the num-
ber of the power supplies in operation to (n+1).

The convex functions f1 to {z are, for example, each is an
even-ordered polynomial with respect to the total load cur-
rent.

The convex functions f1 to fz are, for example, each sub-
stantially equal to a single quadratic,

Py=ai,>+bi +c [Math.3]
where P;, denotes a loss of a load current i,, of a power
supply, and a, b and ¢ are constants, the threshold i,; is
obtained by replacing z in the following expression with
7=(n-1), and the threshold i, , is obtained by replacing z in the
following expression with z=(n+1),

[Math. 4]

¢z

All of the convex functions fl to {z are, for example,
substantially equal to a single quadratic polynomial with
respect to the load current. In this case, the controller
includes: a number storage element which stores the number
n of the power supplies in operation; a current detection
element which detects a load current of one of the power
supplies in operation and outputs a voltage signal correspond-
ing to the load current; a square element which squares the
output signal of the current detection element; and threshold
generation elements which respectively give a threshold
V,,,.=K*((n-1)/n) for decreasing the number of power sup-
plies in operation (K is a positive constant) and a threshold
Ve K*((n+1)/n) for increasing the number of power sup-
plies in operation. The controller decreases or increases the
number n ofthe power supplies in operation by comparing the
output of the square element with a threshold V,, ; or a thresh-
old V.

The threshold generation elements, for example, include
non-inverting amplifier circuits each including: an opera-
tional amplifier, a constant voltage source which applies a
constant voltage to a non-inverting input terminal of the
operational amplifier; a fixed resistor which is connected
between an output terminal of the operational amplifier and
an inverting input terminal thereof and which has a resistance
Rd; and a variable resistor circuit which is connected between
the inverting input terminal of the operational amplifier and a
reference potential point and which changes a resistance
based on the number n of power supplies in operation. In each
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of the non-inverting amplifier circuits, the variable resistor
circuit is formed as a serial circuit including a resistor which
has one end connected to the output terminal of the opera-
tional amplifier and which has a resistance Rd and resistors
which have a resistance (n—1)*Rd based on the number n of
power supplies in operation, the threshold V,, ,, for increasing
the number of power supplies in operation is outputted from
the output terminal of the operational amplifier, and a poten-
tial at a connection point between the resistor having the
resistance Rd and the resistors having the resistance (n-1)
*Rd is outputted as the threshold V,,; for decreasing the
number of power supplies in operation.

The variable resistor circuit of each of the non-inverting
amplifier circuits, for example, includes: z resistors con-
nected in series between the inverting input terminal of the
operational amplifier and the reference potential point and
which have a resistance Rd; (z—1) switching elements which
change the number of the resistors connected in series in the
serial circuit having the z resistors; and a decoder which
controls turning-on and turning-off of the (z-1) switching
elements on a basis of the number n of power supplies in
operation, thereby forming the serial circuit including the
resistor having the resistance Rd and the resistors having the
resistance (n—1)*Rd.

The controller may be configured to provide a maximum
hysteresis error to the intersection currents or the thresholds
based on the intersection currents in order to determine the
number of the power supplies in operation. The number of the
power supplies in operation may be prohibited for a prede-
termined time after the number of the power supplies in
operation is changed. Step-down type switching power sup-
plies are, for example, used for the switching power supplies.

The present invention also provides a method of manufac-
turing a controller of a power supply system which operates z
(z is anatural number equal to or larger than 2) power supplies
PS-1 to PS-z in parallel. The method includes the steps of:
storing, in a storage element, a value of an intersection current
i, (q is a natural number equal to or smaller than (z-1)) or a
value obtained by performing a predetermined arithmetic
operation on the intersection current i, the value of the inter-
section current i, being obtained through processes of iden-
tifying loss characteristics with respect to load currents of the
7 power supplies PS-1 to PS-z by use of respective convex
functions f1 to fz, obtaining a function h,, expressing a con-
version efficiency of a total load current at the time of oper-
ating the n (n is a natural number equal to or smaller than z)
power supplies in parallel based on the functions f1 to {z, and
obtaining the intersection current i, (q is a natural number
equal to or smaller than (z-1)) which is a current at an inter-
section point between a function h, and a function h,, ,; and
providing a control element which determines the number of
the power supplies in operation based on the value stored in
the storage element. (Greek letter eta is replaced with h.)

The present invention also provides a method of manufac-
turing a controller of a power supply system including z (z is
a natural number equal to or larger than 2) power supplies
PS-1 to PS-z in parallel operation. The method includes the
steps of: obtaining a threshold for changing the number of the
power supplies in operation between n and (n+1) by the
following Equation (1) or (2) derived by identifying loss
characteristics with respect to load currents of the z power
supplies PS-1to PS-z by use of respective convex functions f1
to fz,
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[Math. 5]

c
hn.=-nn+l)
- a

M

@

where a and ¢ are constants; storing the threshold in a storage
element; and providing a control element which determines
the number of the power supplies in operation based on the
threshold stored in the storage element.

The present invention also provides a method of manufac-
turing a controller of a power supply system which operates z
(zis anatural number equal to or larger than 2) power supplies
PS-1 to PS-z in parallel. The method includes the steps of:
identifying loss characteristics with respect to load currents i
of the z power supplies PS-1 to PS-z by use of a single
quadratic ai’+bi+c; calculating c/a; storing a value propor-
tional to ¢/a in a storage element of the controller of the power
supply system, or adjusting an output voltage of a reference
voltage source to a value proportional to c/a, the reference
voltage source being included in the controller of the power
supply system; and determining the number of the power
supplies in operation based on the value proportional to c/a.

Advantageous Effect of Invention

According to the present invention, it is possible to achieve
optimization of the efficiency by changing the number of
power supplies in operation without lowering the efficiency,
thus obtaining high practicability and economic efficiency.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram showing one embodiment of a
power supply system according to the present invention.

FIG. 2 is a block diagram showing an example of a con-
figuration of an intersection current detector.

FIG. 3 is a circuit diagram showing an example of a con-
figuration of reference voltage generators 22 and 24.

FIG. 4 is a graph exemplary illustrating a relationship
between a load current and a power loss of a switching power
supply.

FIG. 5 is a graph showing an example of a convex function.

FIG. 6 is a graph illustrating a point of changing the num-
ber of switching power supplies in operation and the effi-
ciency characteristics in a case of increasing the number of
switching power supplies in operation from n=1 to n=2.

FIG. 7 is a graph illustrating points of changing the number
of'switching power supplies in operation and the optimization
efficiency characteristics in a case of changing many times the
number of switching power supplies in operation.

DESCRIPTION OF EMBODIMENT

FIG. 1 shows an embodiment of a power supply system
according to the present invention. The power supply system
has a configuration in which multiple switching power sup-
plies PS (PS-1 to PS-k) are connected in parallel.

Each switching power supply PS includes: a step-down
type DC-DC converter having: MOSFETs 1 and 2; a control-
ler 3 that performs a switching operation on the MOSFETs 1
and 2 by using a modulation signal such as a PWM signal; an
inductor 4 for smoothing; and a capacitor 5. The power supply
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PS converts a direct current input voltage V, into a direct
current output voltage V_ by switching the MOSFETs 1 and 2
on and off.

Note that load currents i, in the switching power supplies
PS described above are balanced. Since a technique for bal-
ancing the load currents i,, is made known publicly by Patent
Literature 1 and 2 and the like, description thereof is omitted
herein.

A loss of the switching power supply PS generally includes
the following elements:

1) a direct current loss (P, ,.) of the inductor 4;

2) an alternate current loss (P; ) of the inductor 4;

3) a gate charge loss (P,,,) of the MOSFETs 1 and 2;

4) a junction capacitance loss (P ) of the MOSFETSs 1
and 2;

5) a conduction loss (P ;) of the MOSFET 1;

6) a conduction loss (P, ) of the MOSFET 2;

7) a conduction loss (P ;) of a body diode (unillustrated)
of the MOSFET 2;

8) a turn-on and turn-off loss (P, of the MOSFET 1; and

9) power consumption (P.,z;) of the controller 3.

The direct current loss P, ;. of the inductor 4 is given by the
following Equation (1),

[Math.6]

M

where R, ;. denotes a direct current resistance of the induc-
tor 4, and i,, denotes a load current outputted from a single
switching power supply PS.

_ G2
Prac=Rpg

In addition, the alternate current loss P, . of the inductor 4
is given by the following Equation (2),
Math, 7-1]
Proc = Rpae - Iae @
(0]
Rise | —=A1L ]
La 2\/? L
R (Vi-Vo Vo 1V
gVl (T v 7)
where R, . denotes an alternate current resistance of the
inductor 4; I, _ denotes an alternate current of the inductor 4

Lac

expressed by the following equation (3);

Math. 7-2]

Ll ®)

W3

Irac

(Greek letter delta is replaced with D.)
DI, denotes aripple current of the inductor 4 expressed by the
following equation (4);

@)

V,denotes asupply voltage; V, denotes an input voltage of the
switching power supply PS; L denotes an inductance of the
inductor 4; and f denotes a switching frequency.
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The gate charge loss Py, of the MOSFETs 1 and 2 is
expressed as in the following Equation (5),

[Math.8]

Pog=(Qor Ver+Oorr Verr)f (5)

where Q_; denotes a gate charge of the MOSFET 2; Q_,
denotes a gate charge of the MOSFET 1; V,; denotes a gate
operating voltage of the MOSFET 2; and V;, denotes a gate
operating voltage of the MOSFET 1.

In addition, the junction capacitance loss P, of the
MOSFETs 1 and 2 is expressed as in the following Equation

(6);

[Math. 9]

1 > ©)
Pops = E(CDSL +Cpsu) V- f

where C,,q,; denotes a junction capacitance of the MOS-
FET 2; and C,,4;, denotes a junction capacitance of the MOS-
FET 1.

The conductionloss P, ,0f the MOSFET 1 is given by the
following Equation (7),

[Math. 10-1]
Vo (! ;z;eak + Ilzorrom +1 peak * Iporom) M
Ponu = — - Rown -
Vi 3
Yo p . Al
= 7‘ *RKoNH | Iy + v

where R 5z, denotes an ON resistance of the MOSFET 1;
L.+ denotes a peak current of the inductor 4 expressed by the
following equation (8); and

[Math. 10-2]

. AL
Dpeak = im + -

®

11 0z0m denotes a bottom current of the inductor 4 expressed by
the following equation (9),

[Math. 10-3]

Al

Ibotiom = in T

)

The conduction loss P, ofthe MOSFET 2 is given by the
following Equation (10),

10

15

20

30

35

40

45

50

55

60

65

10

Math. 11]

v, (10)
PONL=(1—7—Zfd'f)'R0NL'

2 2
(Ipeak + Ibortom + Ipeak 'Iborrom)
3

v, . A
=(1— ¥ —th-f)-RONL-(zfn+1—2L]

where R ,,; denotes an ON resistance of the MOSFET 2;
and t, denotes a dead time of the MOSFET 1 and the MOS-
FET 2.

The conduction loss Pz, of the body diode of the MOS-
FET 2 is given by the following Equation (11),

Math. 12]

Pepr =14 f (Ve Lpeat + VE * Iotiom) (11

=21y fVpin

where V. denotes a forward vias voltage of the body diode
of the MOSFET 2.

The turn-on and turn-off loss Pgy. of the MOSFET 1 is
expressed as in the following Equation (12),

[Math. 13]
1 (12)
Psw = 3 Villpear 15 + lpotiom " 1) - f
1 . (ty — 1)
:z'vt"f'{([f“'[r)'lm“' 3 AIL}

where t, denotes a rise time at the time of switching-on the
MOSFET 1; and t,denotes a fall time at the time of switching-
off the MOSFET 2.

The power consumption P.,; of the controller 3 is
expressed as follows,

[Math.14]

(13)

Pegpr=Vilee

where I denotes a supply current to the controller 3.

A total power loss P, at each switching power supply PS is
calculated by adding the aforementioned power loss ele-
ments.

When the input voltage V,, the output voltage V_ and the
switching frequency f at the switching power supply PS are
fixed, the power loss P, ;. in Equation (1), the conduction loss
P oazr in Equation (7) and the conduction loss P, in Equa-
tion (10) become a quadric for the load current i,,,. In addition,
the power loss Py, in Equation (11), and the turn-on and
turn-off loss Py, in Equation (12) become a linear function
for the load current i, and the other power losses become a
constant value.

Accordingly, the total power loss P, is approximately
expressed by the quadric for the load current i,, as follows
(“approximately” means that an influence of a parasitic ele-
ment or the like is ignored),
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[Math. 15]

Py = (Prsc + Ponn + Pone) + (Pgpi + Psw) + (14)

Prec + Pog + Pops + PcrrL

:ai,2n+bi,,,+c (15)
Coefficients a, b and ¢ in Expression (15) can be obtained
by substituting Expressions (1) to (13) to Expression (14).
FIG. 4 illustrates the total power loss P, approximately
expressed by the quadric as described above. Although a
detailed description is omitted here, FIG. 4 shows the total
power loss P, which well matches the experimental result.

The above is a technique in which the characteristic of the
total power loss P; is logically approximated by the function.
Alternatively, it is possible to obtain the relationship between
the load currenti,, and the total power loss P, by using experi-
ments, and then to approximate the characteristic by any
appropriate function on the basis of a numerical analysis (for
example, polynomial regression).

In this case, however, the function used for the approxima-
tion might be not only a quadratic function but also a higher-
order polynomial function, and any other more complicated
function. This is because how parasitic elements (a resistance,
a capacitance and an inductance) influence the loss of the
switching power supply PS is unknown. However, even in this
case, a (generalized) convex function is used. In other words,
the function described above is never an odd-ordered poly-
nomial function or the like. FIG. 5 shows an example of the
(generalized) convex function.

In FIG. 1, when the number of the switching power sup-
plies PS in an operating state is n, a total load current i, is
expressed as in the following Equation (16). Note that the
characteristics of the switching power supplies PS are herein
equal to each other, or may be considered to be equal. In
addition, since the power loss P; of each switching power
supply PS is expressed by Expression (15), a power conver-
sion efficiency (hereinafter, simply referred to as an effi-
ciency) h, (i,) of the power supply system is expressed by the
following Equation (17), (Greek letter eta is replaced with h.)

[Math. 16]

i, =n-iy,

(16)
Volo Volo

Voo +1- Prim)

an

Nnllp) = 7
Zl% + b+ vo)i, +cn

When the number of switching power supplies PS in opera-
tion is increased to n+1, the total load current i, is expressed
as in the following Equation (18), and the efficiency h,,,,(i,)
of the power supply system is expressed as in the following
Equation (19), (Greek letter eta is replaced with h.)

[Math. 17]

ip=(n+ 1) in (18)

Volo

Volo + (1 + 1)- pp (i)
Volp

(i) = a9

a
N .
e Z+b+vo)ip+cin+ 1)

In the power supply system in this embodiment, when the
total load current i, increases and the efficiency of the power
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supply system exceeds the peak, the efficiency is lowered.
However, the lowering of the efficiency can be checked by
increasing the number of switching power supplies PS in
parallel operation, and thus the efficiency of the power supply
system can be enhanced. Specifically, as FIG. 6 illustrates the
efficiency characteristics at the time of n=1 and n=2, the
increasing of the number of switching power supplies PS in
operation (changing from n=1 to n=2) enhances the efficiency
of the power supply system in a region having a large total
load current i,,.

In this embodiment, the number of switching power sup-
plies PS in operation is changed based on a threshold i, ,, of
the total load current i,. The threshold i, ,, is a value of the
total load current i, obtained when the efficiencies shown by
Equation (17) and Equation (19) are equal to each other, that
is, when relationships shown by the following Equations (20)
and (21) are fulfilled (in the example in FIG. 6, a value of the
total load current i, at the intersection of the efficiency char-
acteristics),

[Math. 18]

Tn(lin_n) = Nt i _n) (20)
Vol th_n Vol th_n 2

Sy I SN ven | Zp oy

n th_n olMth_n n+l th n

G+ vl p+cln+1)

From the above, the threshold i, ,, of the total load current i,,
which is an index for changing the number of switching
power supplies PS in parallel operation, is shown by the
following Equation (22),

Math. 19]

c
Lnn=_-nn+l)
- a

The total load current i, is shared based on the number n of
switching power supplies PS in parallel operation. Thus, the
threshold I,,,;, ,, of the load current i,, per switching power
supply PS is shown by the following Equation (23),

22

[Math. 20]

@23

Consequently, the efficiency of the power supply system
can be optimized by changing the number of parallel connec-
tions of the switching power supplies PS (the number of
switching power supplies PS in parallel operation) from n to
n+1 when the load current i,, of any of the switching power
supplies PS in operation reaches the threshold I,,,,;, ,,.

In contrast, a threshold for changing the number of switch-
ing power supplies PS in parallel operation from n to n-1 is
obtained by replacing n in Equation (23) with n—1 and further
by multiplying the calculation result by (n-1)/n. This is
because simply replacing n in Equation (23) withn-1 leads to
obtain, as a threshold for the timing of changing between
(n-1) and n, a current which is required when the total load
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current i, is shared with the (n—1) switching power supplies
PS. In this respect, the calculation of multiplying (n-1)/n is
performed for a conversion into a current required when the
total load current i, is shared with the n switching power
supplies PS. Thereby, (n+1)/n in the root in Equation (23) is
replaced with (n-1)/n.

Incidentally, when the input voltage V, and the output voltage
V,, are constant, c¢/a in Equations (22) and (23) can be con-
sidered to be a constant value.

In the power supply system, any one of the switching
power supplies PS-1 to PS-k, for example, a switching power
supply PS-1 is selected as a master power supply, and a load
current i,, of this switching power supply PS-1 is detected by
acurrent sensor 6. The current sensor 6 includes, for example,
a current-sensing resister, a current transformer and the like,
and outputs a signal corresponding to the detected load cur-
rent i, to a changing processor 8.

The changing processor 8 includes an intersection current
detector 20 shown in FIG. 2. In the intersection current detec-
tor 20, a voltage generator 21 computes a*i > based on the
load current i, detected by the current sensor 6, and generates
a voltage V., corresponding to the thus computed a*i,,>.
(Greek letter alpha is replaced with A.)

Threshold generators 22 and 24 are each formed of an
inverting amplifier illustrated in FIG. 3. Specifically, the cir-
cuit in FIG. 3 includes an operational amplifier 31, a direct
current source 32, a resistor 33 (having a resistance R ), a
serial circuit formed of z resistors 34 (each having a resistance
R,) (z is a total number of switching power supplies PS in the
power supply system), (z-1) switching elements 35 and a
decoder 36. The direct current source 32 inputs a voltage
corresponding to a*c/a to a non-inverting input terminal of
the operational amplifier 31. The resistor 33 is connected
between an inverting input terminal of the operational ampli-
fier 31 and an output terminal thereof. The serial circuit is
connected between the inverting input terminal of the opera-
tional amplifier 31 and a reference potential point (GND).
The (z-1) switching elements 35 change the number of seri-
ally connected resistors 34 in the serial circuit. The decoder
36 selectively turns on or off a corresponding switching ele-
ment 35 based on the number n of switching power supplies
PS in operation.

Based on the number n of switching power supplies PS in
parallel operation, the decoder 36 turns off (disconnects) the
switching elements 35 from the leftmost one to the (n-1)th
one in FIG. 3, and turns on (makes conductive) the n-th
switching element 35. This leads to the resistance of n*R ; in
the serial circuit of the resistors 34, and thus a threshold
voltage V. ; corresponding to a*(c/a)*((n+1)/n) is output-
ted from the threshold generator 22. Note that, in the case of
n=z, no switching element 35 is instructed to be turned on.
However, no problem arises because the z-th resistor 34 is
being connected to the reference potential point (GND)
through a connection.

Asdescribed above, the serial circuit of the resistors 34, the
switching elements 35 and the decoder 36 form a variable
resistor in which the resistance changes depending on the
number n of switching power supplies PS in operation.

Meanwhile, in FIG. 3, a point of connection between the
leftmost resistor 34 and the leftmost switching element 35 is
referred to as Node 1. The serial circuit of the resistors 34 is a
voltage divider which is formed, with a point of connection
Node 1 as a connection point, of the resistor (the resistor at the
left side of the point of connection Node 1) having a resis-
tance Rd and the resistors (resistors at the right side of the
point of connection Node 1) each having a resistance
(n-1)*R,. Accordingly, a threshold voltage Vzgz,=
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a*(c/a)*((n-1)/n) can be outputted from the point of connec-
tion Node 1. (Greek letter alpha is replaced with A.)

The configuration of the threshold generators 22 and 24 is
not limited to the one described above. For example, the
threshold generators 22 and 24 may be configured as follows.
Specifically, the switching elements 35 are respectively con-
nected in parallel with the resistors 34 except the left-most
resistor 34 in FIG. 3. When one of the switching elements 35
turns on, a short circuit occurs between the switching element
35 and the resistor 34 connected in parallel with each other.
With this configuration, the outputs Vzzr, and Vg , from
the threshold generators 22 and 24 can also be obtained with
the resistance of n*R; in the serial circuit of the resistors 34,
the outputs V. , and V... , respectively corresponding to
a*(c/a)*((n+1)/n) and a*(c/a)*((n-1)/n).

As described above, the threshold generators 22 and 24
have a configuration as a non-inverting amplifier circuit. In
addition, triggered by an operation of the switching elements
35 on the basis of the number n of switching power supplies
PS in operation, the threshold generators 22 and 24 output the
threshold voltages Vizzz, and Vg, respectively corre-
sponding to a*(c/a)*((n+1)/n) in the root in the aforemen-
tioned Equation (23) and a*(c/a)*((n—1)/n) described above.
(Greek letter alpha is replaced with A.)

A comparator 23 compares the voltage V with the threshold
voltage Vg |, while a comparator 25 compares the voltage
V cor With the threshold voltage Vg . ». Note that when n is
the maximum value z, the threshold voltage Vzzz,=
a*(c/a)*((z+1)/z). If this value is larger than a value showing
the maximum value in allowable load current of each of the z
switching power supplies PS, the intersection current detec-
tion circuit 20 does not issue an instruction to increase n over
the maximum value z. When the voltage a*(c/a)*((z+1)/z) is
smaller than the above-described value showing the maxi-
mum value, a voltage generator circuit and a multiplexer
circuit are combined or the like so that when n=z, the thresh-
old generator 22 inputs a very large value (for example, a
value equal to or slightly lower than the supply voltage) as the
threshold voltage V-, into an inverting input terminal of
the comparator 23. This can satisfy the condition that the
threshold voltage V- | is larger than the value showing the
maximum value described above. Meanwhile, n=1 causes an
inverting input terminal of the comparator 25 to have a zero
potential (GND). Note that the coefficient a described above
is set so that the comparators 23 and 25 can operate in a
common-mode range (in-phase input voltage range). (Greek
letter alpha is replaced with A.)

The changing processor 8 causes a memory 9 to store the
number n of switching power supplies PS in parallel opera-
tion at the current time point and constantly receives the load
current i,, from the current sensor 6. When the voltage V -, »
based on the load current i,, reaches the reference voltage
V rer1, the comparator 23 of the intersection current detec-
tion circuit 20 outputs a high-level signal “H.” As is clear from
the relationship shown by Equation (16), timing of outputting
the signal “H” is timing at which the total load current 1,
reaches the threshold i, , expressed by Equation (22), which
is timing at which the total load current i, reaches a value of
a point of changing the number of switching power supplies
PS in operation (from one to two) illustrated in FIG. 6.

The changing processor 8 includes a microprocessor.
Based on the signal “H,” the microprocessor executes pro-
cessing of increasing the number of switching power supplies
PS in operation from n to n+1, that is, processing of operating
one of the switching power supplies PS not in operation at the
current time point. This keeps the efficiency of the power
supply system optimum.
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In contrast, when the voltage V. based on the load cur-
rent 1,, lowers to the threshold voltage V. », the changing
processor 8 causes the comparator 25 to output a low-level
signal “L..” The timing at which the signal “L” is outputted is
timing at which the total load current i, lowers to the value of
the point of changing the number of switching power supplies
PS in operation (from two to one) illustrated in FIG. 6.

At this timing, the microprocessor of the changing proces-
sor 8 executes, based onthe signal “L.,” processing of decreas-
ing the number of switching power supplies PS in operation
from nto n-1, that is, processing of putting one of the switch-
ing power supplies PS in operation at the current time point
into a non-operating state. This keeps the efficiency of the
power supply system optimum.

Therefore, the power supply system according to this
embodiment changes the number of switching power sup-
plies PS in operation in such a mode as shown in FIG. 7, and
thus constantly operates at the optimum efficiency.

Here, a more detailed description is given of the thresholds
for changing the number of switching power supplies PS in
operation. The total load currents i, at the points of changing
the number of switching power supplies PS in operation in
FIG. 7 are intersection currents which are thresholds for
changing the number of switching power supplies PS in
operation. The intersection currents are denoted by i, to i, ;.
For example, an intersection current i, is a current of an
intersection between a curve of n=1 and a curve of n=2 in F1G.
7, and an intersection current i, ,y is a current of an intersec-
tion between a curve of n=z-1 and a curve of n=z in FIG. 7.

The threshold generator 22 shown in FIG. 3 generates a
threshold for increasing the number of power supplies in
operation L, (j is a natural number from 2 to (z-1)), a thresh-
old i, =i, for increasing the number of power supplies in
operation, and the threshold generator 24 shown in FIG. 3
generates a threshold i, for decreasing the number of power
supplies in operation and a threshold i,,=i.,_,,/z for decreas-
ing the number of power supplies in operation. Note that a
conversion coefficient of current/voltage is ignored for sim-
plicity of the discussion. In FIG. 3, the reference voltage
Vzgr corresponds to the threshold i, for increasing the
number of power supplies in operation and the threshold
1, ;~1, for increasing the number of power supplies in opera-
tion, while the reference voltage V- , corresponds to the
threshold i, for decreasing the number of power supplies in
operation and the threshold i ,=i(z-1)/z for decreasing the
number of power supplies in operation. That is, each of these
thresholds is generated as a threshold for the load current i, of
the master switching power supply PS-1.

Here, for example, when j is 2, a threshold i, for decreasing
the number of power supplies in operation is a threshold for
decreasing the number of power supplies in operation from 2
to 1, that is, i,;=i,_;,/2=1,/2. In contrast, a threshold i, for
increasing the number of power supplies in operation is a
threshold for increasing the number of power supplies in
operation from 1 to 2, that is, 1,,=1,/2.

Note that a threshold i, ; for decreasing the number of power
supplies in operation does not exist, or is zero. In addition, a
threshold i, for increasing the number of power supplies in
operation does not exist, or is a value exceeding the maximum
value in the allowable load current of each of the z switching
power supplies PS.

The present invention is not limited to the described
embodiment, and various deformations, modifications and
combinations such as the following may be made based on the
technical idea of the present invention.

(a) For example, in the embodiment described above, the
number of switching power supplies PS in operation is
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changed based on the load current i,, of the switching power
supply PS-1 as the master power supply. Instead of this, the
number of switching power supplies PS in operation may be
changed based on the total load current i,,.

Inthis case, the load current i, is not detected by the current
sensor 6. Instead, the total load current i, is detected by a
sensor 7. Then, the voltage generator 21 shown in FIG. 2 is
configured to compute a*i_ > based on the load current i,
detected by the current sensor 7 and then to generate a voltage
V cor corresponding to a*i_ 2. In contrast, the threshold gen-
erator 22 is configured to output a threshold voltage Vzr
corresponding to a*(c/a)*n(n+1) in the root of Equation (22),
and the threshold generator 24 is configured to output a
threshold voltage V.. , corresponding to a*(c/a)*n(n-1)
obtained by replacing n in a*(c/a)*n(n+1) with n-1. Inciden-
tally, when the current sensor 7 is used as described above, the
current sensor 6 is not required. That is, when either the
current sensor 6 or 7 is provided, the present invention can be
carried out. (Greek letter alpha is replaced with A.)

(b) In the embodiment described above, when the total load
current i, reaches the intersection current value (current value
at which the number of switching power supplies PS in opera-
tion is changed), the reaching is detected by using the inter-
section current detection circuit 20 shown in FIG. 2. This is
performed so as to reduce the burden of the microprocessor of
the changing processor 8. Accordingly, when the changing
processor 8 is provided with a microprocessor having a high
processing capacity, the processing to be executed by the
intersection current detection circuit 20 may be executed by
the microprocessor.

In this case, the changing processor 8 is provided with an
A/D converter which performs A/D conversion on the load
current (the load current i,, of the master switching power
supply PS-1 or the total load current i, of the power supply
system). In addition, a threshold for an output of the A/D
converter (a threshold corresponding to the intersection cur-
rent) is in advance stored in a memory 10 shown in FIG. 2.
Then, the microprocessor compares the output of the A/D
converter with the threshold for the current number n of
switching power supplies PS in operation, the threshold being
stored in the memory 10. Based on the comparison result, the
microprocessor executes processing of increasing or decreas-
ing the number of switching power supplies PS in operation
so that the efficiency of the power supply system can be
optimized.

(¢) The embodiment described above is configured on the
assumption that the load currents of the switching power
supplies PS are balanced (when having the equal character-
istic, the switching power supplies PS have the equal load
current). Note that the control to balance the load currents of
the switching power supplies PS is conventionally known as
described above.

However, even though the control to balance the load cur-
rents is performed, the balance is not maintained immediately
after the number of switching power supplies PS in operation
are changed. In this respect, in a transient stage in which the
number of switching power supplies PS is in operation, it is
preferable to execute processing of gradually increasing the
load current of a newly operating switching power supply PS
(soft-start) while gradually decreasing the load currents of the
other switching power supplies PS.

Furthermore, when the number of switching power sup-
plies PS in operation is decreased, abrupt stopping of a
switching power supply PS causes a certain amount of current
not to be supplied to the load at the moment, the certain
amount of current being equivalent to a current supplied by
the switching power supply PS. Hence, it is preferable that the
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load current of a switching power supply PS to be stopped is
gradually decreased while gradually increasing the load cur-
rents of the other switching power supplies PS. In this case,
when the load current of the switching power supply PS to be
stopped reaches zero, the changing of the number of switch-
ing power supplies PS is completed.

The processing as described above can be executed by known
means, and thus, description thereof is omitted herein. Note
that the processing is executed at the changing processor 8.

(d) Immediately after the number of switching power sup-
plies PS in operation is changed, the power supply system is
not in a steady state but is in a transient state. This means that,
if subsequent processing of changing the number of switch-
ing power supplies PS in operation is allowed while the num-
ber of switching power supplies PS in operation is being
changed, a current in a transient state is detected. This might
cause a problem in an error in the processing of changing the
number of power supplies PS in operation. In particular, in a
case in which the change of the number is judged based not on
the total load current i, but on the load current 1,, of the master
switching power supply PS-1, there is a higher possibility of
occurrence of the above problem. This is because, immedi-
ately after the number of switching power supplies PS in
operation is changed, the value of the load current i, stays
around a current threshold to be compared with the load
current i,,,.

The trouble can be avoided by providing a maximum hys-
teresis error to the threshold (showing an intersection current)
to be compared with a value showing the total load current i,
or the load current i,, of the master switching power supply
PS-1, the threshold being compared to determine the number
of the switching power supplies PS in operation.

The problem described above can also be avoided by pro-
hibiting processing of changing the number of switching
power supplies PS in operation for a predetermined time after
the number of switching power supplies PS in operation is
changed.

Note that combination may be employed that the maxi-
mum hysteresis error is provided to the threshold and the
processing of changing the number of switching power sup-
plies PS in operation is prohibited for a predetermined time
after the number of switching power supplies PS in operation
is changed.

In addition, the changing processor 8 may be provided with
means for providing the maximum hysteresis error to the
threshold or means for prohibiting the process of changing
the number of switching power supplies PS in operation for a
predetermined time.

(e) The embodiment described above is configured on the
assumption that the characteristics of the switching power
supplies PS are equal to each other, or can be considered to be
equal to each other. However, the present invention can be
carried out even in a case in which the characteristics of the
switching power supplies PS are not equal to each other.
Specifically, when the characteristics of the switching power
supplies PS are not equal to each other, an approximate
expression of the aforementioned Expression (15) expressing
the efficiency of a switching power supply PS, or a (general-
ized) convex function including a higher-order term obtained
in consideration of an influence of a parasitic element is
logically or experimentally obtained for all the switching
power supplies PS. Then, a graph corresponding to the graph
illustrated in FIG. 7 is created by numerical calculations
based on the expressions expressing the efficiencies. Subse-
quently, values of total load currents i, at intersections of
individual efficiency curves in the graph are stored, as judg-
ment thresholds for changing the number of switching power
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supplies PS in operation, in the memory 10 shown in FIG. 1.
Note that processing of changing the number of switching
power supplies PS in operation using the judgment thresholds
is the same as the one in the aforementioned embodiment, and
thus, description thereof is omitted.

() The embodiment described above uses the step-down
type switching power supply PS as a power supply. However,
the present invention is applicable to other various switching
power supplies of a boosting type, boosting and step-down
type, inverting type, and the like.

(g) When the number of power supplies PS in operation is
changed using digital control, the aforementioned algorithm
is stored in a storage means, and a controller executing the
algorithm is provided with means for inputting data showing
the characteristics of the switching power supplies PS (for
example, the total number of the switching power supplies PS
and constants a, b and ¢ in Expression (15)). Thereby, the
present invention can be flexibly applied to the various
switching power supplies described above.

REFERENCE SYMBOLS LIST

1,2 MOSFET
3 controller
4 inductor
5 capacitor
6, 7 current sensor
8 changing processor
9, 10 memory
20 intersection current detector
21 voltage generator
22, 24 threshold generator
23, 25 comparator
31 operational amplifier
32 direct current source
33, 34 resistor
35 switching element
36 decoder
The invention claimed is:
1. A power supply system comprising:
7 power supplies connected in parallel, z being a natural
number equal to or larger than 2; and
an operating number controller which controls the number
of the power supplies in operation,
wherein the operating number controller determines the
number of the power supplies in operation based on
intersection currents i, to i, ;, and the intersection cur-
rents i, to i, ,, are determined by:
identifying loss characteristics with respect to the z
power supplies by use of convex functions f1 to fz,
respectively;
obtaining a function m,, expressing a conversion effi-
ciency of a total load current at the time of operating
n power supplies based on the functions fl to fz, n
being a natural number equal to or smaller than z; and
obtaining an intersection current i, i, being a current of
an intersection point between a function n, and a
functionm,,,, and q being a natural number equal to
or smaller than (z-1),
wherein all of the convex functions f1 to fz are substantially
equal to a single quadratic polynomial with respect to
the load current, and
wherein the operating number controller comprises:
a number storage element which stores the number n of
the power supplies in operation;
a current detection element which detects a load current
of one of the power supplies in operation;
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a square element which squares an output signal of the
current detection element; and threshold generation
elements which respectively give a threshold
V., r=K*((n-1)/n) for decreasing the number of
power supplies in operation (K is a positive constant)
and a threshold V ,,,=K*((n+1)/n) for increasing the
number of power supplies in operation, and

the operating number controller decreases or increases
the number n of the power supplies in operation by
comparing the output of the square element with a
threshold V ,; or a threshold V.

2. The power supply system according to claim 1,

wherein the operating number controller comprises:

an intersection-current-value storage element which
saves the intersection currents i, to i, ,y; and

a current detection element which detects the total load
current, and

wherein the operating number controller determines the

number of the power supplies in operation by comparing

a total load current detected by the current detection

element with a corresponding one of the intersection

currentsi, toi,_,,saved inthe intersection-current-value
storage element.

3. The power supply system according to claim 2, wherein
the operating number controller determines the number of
power supplies in operation as: 1 in a case of i<i;; q+1 in a
case of i <i<i,,,y; or z in a case of i,_,,<i, or determines the
number of power supplies in operation as: 1 in a case of i<i, ;
q+1 in a case of i =i<i,,,y; or z in a case of ir, ,y=<i, where i
denotes the total load current detected by the current detec-
tion element.

4. The power supply system according to claim 1,

wherein the operating number controller comprises:

a threshold generation element which outputs, based on
a corresponding one of the intersection currents i, to
i¢.1), a threshold i;,=i; ,,/j for decreasing the number
of power supplies in operation (j is a natural number
of 2 to (z-1)), a threshold i,~i/j for increasing the

number of power supplies in operation, a threshold

1,1, for increasing the number of power supplies in

operation or a threshold i,,=i, ,,/z for decreasing the

number of power supplies in operation (provided that

i,, does not exist or is zero, and i_,; does not exist or is

avalue exceeding a maximum value in each of allow-

able load currents of the z power supplies);

a number storage element which stores the number n of

the power supplies in operation; and

a current detection element which detects a load current

of one of the power supplies in operation,

wherein the operating number controller compares a value
of the load current detected by the current detection
element with the threshold i,; ori,,, and

wherein when the value of the load current detected by the
current detection element is equal to or lower than the
threshold i,,;, the operating number controller changes

the number of the power supplies in operation to (n—-1),

or when the load current detected by the current detec-

tion element is equal to or higher than the threshold i, .,
the operating number controller changes the number of
the power supplies in operation to (n+1).

5. The power supply system according to claim 4,

wherein the convex functions f1 to fz are each substantially
equal to a single quadratic equation, P,=ai,+bi +c,
where P, denotes a loss of a load current i,, of a power
supply, and a, b and ¢ are constants, and
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wherein the threshold i,,; is obtained by replacing z in the
following expression with z=(n-1), and the threshold
1,,z71s obtained by replacing z in the following expression
with z=(n+1),

cz
an’

6. The power supply system according to claim 1, wherein
the convex functions f1 to fz are each an even-ordered poly-
nomial with respect to the total load current.

7. The power supply system according to claim 1,

wherein the threshold generation elements comprise non-
inverting amplifier circuits each including:

an operational amplifier;

a constant voltage source which applies a constant volt-
age to a non-inverting input terminal of the opera-
tional amplifier;

a fixed resistor which is connected between an output
terminal of the operational amplifier and an inverting
input terminal thereof and which has a resistance Rd;
and

a variable resistor circuit which is connected between
the inverting input terminal of the operational ampli-
fier and a reference potential point and which changes
a resistance based on the number n of power supplies
in operation, and

wherein in each of the non-inverting amplifier circuits, the
variable resistor circuit is formed as a serial circuit
including a resistor which has one end connected to the
output terminal of the operational amplifier and which
has aresistance Rd and resistors which have a resistance
(n-1)*Rd based on the number n of power supplies in
operation, the threshold V,, ;, for increasing the number
of power supplies in operation is outputted from the
output terminal of the operational amplifier, and a poten-
tial at a connection point between the resistor having the
resistance Rd and the resistors having the resistance
(n—1)*Rd is outputted as the threshold V ,,; for decreas-
ing the number of power supplies in operation.

8. The power supply system according to claim 7, wherein
the variable resistor circuit of each of the non-inverting ampli-
fier circuits comprises:

7 resistors connected in series between the inverting input
terminal of the operational amplifier and the reference
potential point and which have a resistance Rd;

(z-1) switching elements which change the number of the
resistors connected in series in the serial circuit having
the z resistors; and

a decoder which controls turning-on and turning-off of the
(z-1) switching elements on a basis of the number n of
power supplies in operation, thereby forming the serial
circuit including the resistor having the resistance Rd
and the resistors having the resistance (n—1)*Rd.

9. The power supply system according to claim 1, wherein,
in order to determine the number of the power supplies in
operation, the operating number controller provides a maxi-
mum hysteresis error to the intersection currents or the thresh-
olds based on the intersection currents.

10. The power supply system according to claim 1, wherein
the operating number controller prohibits changing of the
number of the power supplies in operation for a predeter-
mined time after the number of the power supplies in opera-
tion is changed.
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11. The power supply system according to claim 1, wherein
the power supplies are step-down type switching power sup-
plies.

12. A controller in a power supply system comprising:

7 power supplies connected in parallel, z being a natural

number equal to or larger than 2,
wherein the controller is configured to determine the num-
ber of the power supplies in operation based on values of
intersection currents i, to i, ), the intersection currents
i, to i, being determined by:
identifying loss characteristics with respect to load cur-
rents of the z power supplies by use of respective
convex functions f1 to fz;
obtaining a function 1, expressing a conversion effi-
ciency of a total load current at the time of operating
the n power supplies based on the functions f1 to {z, n
being a natural number equal to or smaller than z; and
obtaining an intersection current i, i, being a current of
an intersection point between a function m, and a
functionm,,,, and q being a natural number equal to
or smaller than (z-1),
wherein all of the convex functions f1 to {7 are substantially
equal to a single quadratic polynomial with respect to
the load current, and

wherein the controller comprises:

a number storage element which stores the number n of
the power supplies in operation;

a current detection element which detects a load current
of one of the power supplies in operation and outputs
a voltage signal corresponding to the load current;

a square element which squares the output signal of the
current detection element; and

threshold generation elements which respectively give a
threshold V ;,,=K*((n-1)/n) for decreasing the num-
ber of power supplies in operation (K is a positive
constant) and a threshold V., ~K*((n+1)/n) for
increasing the number of power supplies in operation,
and

the controller decreases or increases the number n of the
power supplies in operation by comparing the output
of'the square element with a threshold V,, ; or athresh-
old V.

13. The controller of the power supply system according to
claim 12,

wherein the controller comprises:

an intersection-current-value storage element which
saves the values of the intersection currentsi; to1i,, ;y;
and

a current detection element which detects the total load
current, and

wherein the controller determines the number of the power

supplies in operation by comparing a total load current
detected by the current detection element with a corre-
sponding one of the intersection currents i, to i, ;, saved
in the intersection-current-value storage element.

14. The controller of the power supply system according to
claim 13, wherein the operating number controller deter-
mines the number of power supplies in operation as: 1 in a
case of i<i;; q+1 in a case of i <i<i,,;
or z in a case of i, ,y<i, or determines the number of power
supplies in operation as: 1 in a case of i<i;; q+1 in a case of
i,=i<i,,y; or zin a case of i, , =i, where i denotes the total
load current detected by the current detection element.

15. The controller of the power supply system according to
claim 12,
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wherein the controller comprises:

a threshold generation element which outputs, based on
a corresponding one of the intersection currents i, to
i,y a threshold i,=i, ,/j for decreasing the number
of power supplies in operation (j is a natural number
of 2 to (z-1)), a threshold in:ij/j for increasing the
number of power supplies in operation, a threshold
1,71, for increasing the number of power supplies in
operation or a threshold i,,=i, ,/z for decreasing the
number of power supplies in operation (provided that
1, does not exist or is zero, and i, does not exist or is
avalue exceeding a maximum value in each of allow-
able load currents of the z power supplies);

a number storage element which stores the number n of
the power supplies in operation; and

a current detection element which detects a load current
of one of the power supplies in operation,

wherein the controller compares a value of the load current

detected by the current detection element with the

threshold i,; ori,,, and

wherein when the value of the load current detected by the

current detection element is equal to or lower than the

threshold i,,;, the controller changes the number of the
power supplies in operation to (n-1), or when the load
current detected by the current detection element is
equal to or higher than the threshold i, the controller
changes the number of the power supplies in operation to

(n+1).

16. The controller of the power supply system according to
claim 12, wherein the convex functions f1 to fz are each an
even-ordered polynomial with respect to the total load cur-
rent.

17. The controller of the power supply system according to
claim 16,

wherein the convex functions f1 to fz are each substantially

equal to a single quadratic equation, P,=ai *+bi +c,

where P, denotes a loss of a load current i,, of a power
supply, and a, b and ¢ are constants, and

wherein the threshold i,; is obtained by replacing z in the

following expression with z=(n-1), and the threshold

1,15 obtained by replacing z in the following expression

with z=(n+1),

cz
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18. The controller of the power supply system according to
claim 12,
wherein the threshold generation elements comprise non-
inverting amplifier circuits each including:
an operational amplifier;

a constant voltage source which applies a constant volt-
age to a non-inverting input terminal of the opera-
tional amplifier;

a fixed resistor which is connected between an output
terminal of the operational amplifier and an inverting
input terminal thereof and which has a resistance Rd;
and

a variable resistor circuit which is connected between
the inverting input terminal of the operational ampli-
fier and a reference potential point and which changes
a resistance based on the number n of power supplies
in operation, and

wherein in each of the non-inverting amplifier circuits, the
variable resistor circuit is formed as a serial circuit
including a resistor which has one end connected to the
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output terminal of the operational amplifier and which
has aresistance Rd and resistors which have a resistance
(n-1)*Rd based on the number n of power supplies in
operation, the threshold V,, ;, for increasing the number
of power supplies in operation is outputted from the
output terminal of the operational amplifier, and a poten-
tial at a connection point between the resistor having the
resistance Rd and the resistors having the resistance
(n-1)*Rd is outputted as the threshold V,,; for decreas-
ing the number of power supplies in operation.

19. The controller of the power supply system according to
claim 18, wherein the variable resistor circuit of each of the
non-inverting amplifier circuits comprises:

7 resistors connected in series between the inverting input
terminal of the operational amplifier and the reference
potential point and which have a resistance Rd;

(z-1) switching elements which change the number of the
resistors connected in series in the serial circuit having
the z resistors; and
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a decoder which controls turning-on and turning-off of the
(z-1) switching elements on a basis of the number n of
power supplies in operation, thereby forming the serial
circuit including the resistor having the resistance Rd
and the resistors having the resistance (n—1)*Rd.

20. The controller of the power supply system according to
claim 12, wherein, in order to determine the number of the
power supplies in operation, the controller provides a maxi-
mum hysteresis error to the intersection currents or the thresh-
olds based on the intersection currents.

21. The controller of the power supply system according to
claim 12, wherein the controller prohibits changing of the
number of the power supplies in operation for a predeter-
mined time after the number of the power supplies in opera-
tion is changed.

22. The controller of the power supply system according to
claim 12, wherein the power supplies are step-down type
switching power supplies.
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